prohlem Min-Power k-Connectivity seeks a power assignment to the nodes in a given wireless ad hoc network such that the produced network topology is k-connected and the total power is the lowest, In this paper, we present several approximation algorithms for this problem. Specifically, we propose a Yk-approximatiun algorithm for any k 2 3, a (k -t E H (k))-approximation algorithm for k (2k -1) 5 TI where n is the network A (di)graph is k-connected if it contains at least k independent paths between any pair of distinct vertices.
node ' U LO establish a bidirectional link between U. and ' U. Then the wireless ad hoc network can be represented by a weighted graph G = (V: E : c) with edges uv whenever Two or more paths in a (di)graph are iridepeiiderzt if none of them contains an inner vertex of another.
A (di)graph is k-connected if it contains at least k independent paths between any pair of distinct vertices.
By the well-known Menger's theorem, a (di)graph I;-connected if and only if the deletion of any set of less than k nodes leaves a connected (di)graph. The connectivity of (di)graph is defined to be the maximum k for which it is k-connected. In this paper, we study the following Min-Power k-Connectivity problem: Find a power assignment with minimal total power to a given set of network nodes which produces a I;-connected topology. An alternative description of this problem is as follows: For any subgraph H of G? define p~ ( U ) = m a x U v E~c ( u v ) for each II E 17 ( H ) and p ( N ) = xVEV(H) p~ (w); we call p ( H ) the power ( Let H be a subgraph of a k-connected graph G.
The problem Min-Weight I;-Connectivity Augmentation takes as input a k-connected weighted graph G and a subgraph N of G, and seeks a k-connectivity augmentation to H in G with minimum weight. We remark that any p-approximation algorithm A for Min-Weight k-Connectivity problem is dso a p-approximation algorithm for Min-Weight k-Connectivity Augmentation problem. Indeed, for finding a k-connectivity augmentation to subgraph H of G = (V, E , c ) , we define a 'In the paper [6], 7t is requlred to be at least 6k2. The bound n 2 k (2k -1) is given by a recent work [14] .
new edge-weight function c' by c' (e) = 0 for any edge e of H and ~' ( e ) = c(e) for any other edge e of G. [13] . In particular, Gd contains a 4-connected subsets S of four vertices.
BASIC PROPERTIES OF POWER COST
In this section, we present some basic properties of power cost. The next lemma presents a relation between the power and the weight of a directed graph.
the first inequality hoids. Since
c ( D ) =
c ( e > = c(uu>
The inequalities in Lemma 1
The next lemma presents a relation between the power and the weight of an undirected graph. Lemrraa 
( H ) > c (H).
Pruufl Since the first inequality holds.
For the second inequality, we first prove that for any tree T, c (7') < p ( T ) . Let ' U be an arbitrary verlex of T .
Now let ' 7 ' 1 ~ T2: . . ' ~ & be the tree components of H. 
In order to bound p (a), we introduce the following chuging mechanism: each node ' U imposes a charge of 
IV. CONNECTIVITY
Let A be any approximation algorithm for Min-Weight Xs-Connectivity. We propose the following two-phased approximation algorithm for Min-Power k-Connectivity : Phase 1 constructs the ( k -1)-nearest-neighbor graph G x --~. Phase 2 applies A to find a k-connectivity augmentation F to Gk-1 and outputs Gk-1 U F. Its approximation ratio is given by the following theorem.
Theorem 4: Let A be any p-approximation algorithm for Min-Weight k-Connectivity , Let F be the kconnectivity augmentation to Gk-l produced by the algorithm A. Then Gk-1 U F is k-connected and
The proof of Theorem 4 shall be based on the two Iemma below, The first lemma gives an upper hound on the power cost of the i-nearest-neighbor graph Gi. [12] , C contains a node of degree k in H U F . On the other hand, every node of C is incident CO two edges of C and to at least IC -1 edges of H . This means that the degree of every node of C is at least K i -1, which is a contradiction. Therefore, F must be a forest.
By Lemma 2,
So, the lemma follows.
U
Now we ready to prove Theorem 4. The k-connectivity of Gk-1 U F is trivial since F since I;-connectivity augmentation to Gk-1. By Lemma 6, c ( F ) < p . opt, which implies that p ( F ) < 2p . opt. By Lemma 5, v. In this section, we present a 6-approximation algorithm for Min-Power 3-Connectivity. It is motivated by the following theorem. Then U: =. , Bi is a 3-inconnected digraph in which the in-degree of r is exactIy 3. Therefore, to Gd, and H denote the graph G4 U F U { r s ; s E S}.
Then by Lemma 6. c ( F ) < apt. Since Gq U F is 4-
connected, H is a 4-co~nected spanning subgraph of G+, and consequently, H is a 4-inconnected spanning subdigraph of G+ rooted at T . Thus,
(3
By Lemma 2 and Lemnla 3,
Hence.
Based on Theorem 7, we propose the following approximation algorithm for Min-Power 3-Connectivity:
First apply the algorithm given in 111 to produce a g n - 
VI. 4-CONNECTIVITY
In this section. we present a 9-approximation al-I eorithm for Min-Power 4-Connectivity. The following auxiliary graph Gf will be used by the algorithm. Let S be a set of four vertices in V which is 4-connected in G4. whose existence is ensured by [13] . Then, G+ is the graph ( V + , E+, e+> in which Ti+ = I/ U ( T } for some Proof: We first prove the 4-connectivity of G4 U p-r ) . Let C be any subset of I/ with at most three vertices. Since JSJ = 4, S \ C is nonempty, and since S is 4-connected in G4, S \ C is connected in Gq -C. Now let ' L: be any vei-tex in V \ (C'U S). Since is 4-inconnected to r , there are four independent paths from ' U to in D, and all these four paths must path through a distinct vertex of S . Thus, there is still one at least one path in -r ) -G from U to some node in S \ C.
Hence, (Gq U (B -T ) (D -r) . By Theorem 8, he approximation ratio of this approximation algorithm is at most 9.
*

VII. CONCLUS~ON
The problem Min-Power k-Connectivity seeks a power assignment to the nodes in a given wireless ad hoc network such that the produced network topology is k-connected and the total power is the Iowest. In this paper, we present several approximation algorihms for this problem. Specifically, we give a 3k-approximation algorithm for any I; 2 3, a ( k + IZH {k))-approximation algorithm for k (2k -1) I n, where n is the network size, a (k + 2 [(k + 1) /21)-approximation algorithm for 2 5 R 5 7 , a 6-approximation algorithm for k = 3, and a 9-approximation algorithm for I; = 4. All these approximation results do not depend on the power attenuation characteristics affected by the deployment environment. It would be interesting to know if the geometric nature of the power attenuation can be exploited to develop better and/or simpler approximation algorithms for Min-Power b-Connectivity.
